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ABSTRACT 

An Ontario oil refinery was encountering a problem of high 
ammonium levels in the discharged effluent from the wastewater treatment 
system. A series of laboratory bench-scale experiments were performed to 
determine the cause(s) of apparent nitrification inhibition in activated sludge from 
the refinery biotreater. The effects of pH, aeration and sludge toxicity on the 
activity of the nitrifying bacteria in activated sludge were investigated. These 
experiments indicated that ammonium oxidation in refinery activated sludge could 
be achieved by holding the pH above 6.0 by addition of 1000 mg/1 CaCO^ and by 
maintaining the dissolved oxygen (DO) above k mg/1 by sparging to give an even 
distribution of fine air bubbles. 

The low DO ( < 1 mg/1) of the activated sludge in the refinery 
biotreater was the prime reason for blocking ammonium oxidation mediated by 
Nitrosomoas . When the pH of experimental activated sludge units dropped to 6 or 
below, nitrite-N accumulated. Nitrobacter activity may have been inhibited by 
chromium or zinc toxicity at low pH, since these metals were relatively abundant 
in the sludge. The in-plant activated sludge had low numbers of Nitrobacter , since 
their energy substrate, nitrite, was being generated at a very low rate. However, if 
nitrifier-enriched activated sludge, containing a high number of adapted 
Nitrosomonas and Nitrobacter cells was added to fresh sludge, all nitrite-N was 
rapidly oxidized as well as the ammonium-N. 

If adequate aeration (fine bubble diffusion of compressed air) and pH 
control of activated sludge could be established in the plant's biotreater system, 
the nitrifying bacterial populations should become enriched, adapted and estab- 
lished to oxidize all the ammonium of the wastewater to nitrate. 



INTRODUCTION ; 

Biological treatment of industrial wastewater poses unique problems 
when compared to ordinary domestic wastewater treatment, because the physical- 
chemical composition varies depending on the nature and type of industrial waste. 
Process wastewaters from the petrochemical industry are notorious for their 
variety of biological inhibitory substances, e.g. phenolics, sulfides, organic sulphur 
compounds, heterocyclic nitrogen compounds, cyanides and heavy metals (Mc- 
Crodden, 1973, Beychock, 1967). 

Nitrification, the oxidation of ammonia to nitrate via nitrite, is 
carried out by a limited number of species of autotrophic bacteria. The primary 
oxidation step (NH. — > NO-) is mediated by members of the genus Nitrosomonas ; 
the second oxidation step (NO- — > NO-) is catalyzed chiefly by Nitrobacter spp . 

The nitrifying bacteria are more sensitive to toxic substances than 
most heterotrophic microorganisms. Considerable information is available on the 
effect of inhibitors on nitrifying bacteria in pure cultures (Jensen and Sorenson 
(1951); Hooper and Terry (1973), in soil (Quastel and Scholefield, 1951; Lees, 1963), 
and in activated sludge (Downing et al.,196't; Tomlinson et al., 1966; Stafford, 197'f; 
Loveless and Painter, 1968). The nitrification process has been reviewed in detail 
by Alexander (1965), Aleem and Nason (1968), Painter (1970), and Wallace and 
Nicholas (1969). 

The treated process wastewater of an Ontario oil refinery was found 
to contain high levels of ammonium in the range 100 - 200 mg NH '*' - N/1. Since 
ammonium oxidation in the biotreater or at any other stage of treatment was 
apparently blocked, the effluent was discharged to receiving waters (Lake Ontario) 
with a relatively high ammonium concentration. This situation was undesirable, as 
high ammonium levels may directly impose a high oxygen demand on the receiving 
waters. In addition, ammonium may contribute to eutrophication, and at slightly 
alkaline pH values, ammonium is very toxic to fish and other aquatic life. If 
effluents containing ammonium are chlorinated, toxic chloramines are also 
produced. 
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The biotreater activated sludge was aerated by means of mechanical 
aerators consisting of horizontally mounted rotating disks fitted with paddle vanes 
that project downward into the water approximately 5 cm when operating. Aerator 
rotors were powered electrically. 

An investigation was undertaken to determine the cause{s) of 
nitrification inihibition in activated sludge from the refinery biotreater by 
conducting a series of bench-scale experiments in the laboratory 

METHODS ; 

Glass Mason jars as shown in Figure i were filled with 3 litres of **:! 
mixture of fresh activated sludge taken from the biotreater and raw biotreater 
influent taken from the dissolved air flotation (DAF) unit at the refinery 
wastewater treatment facility. 

The first experiment was set up to determine the effect of pH control 
of activated sludge in relation to nitrification. All experimental units were sparged 
with air at a flow rate of 150 ml per minute (approx. 5% of total liquor volume per 
min.). Fine bubble diffusion was achieved by means of Pyrex fritted glass 
dispersion tubes of coarse porosity. Air flow rate to each unit was maintained by 
means of a Matheson gas flow regulator. All experiments were conducted in the 
laboratory at an ambient temperature of approx. 23 C. 

Periodically, throughout the study period during 197'», activated 
sludge samples were taken from the plant and subjected to a series of laboratory 
treatments. In the first experiment, the following treatments were conducted: 

(1) Control (no CaCOj 

(2) CaCO^* (500 mg/1) 

* CaCO- (Analar reagent grade, BDH) was added to units in the form of a fine powder. 



-*- 

(3) CaCO^(1000mg/i) 

(*) constant pH 7 A - 7.6 
was achieved by means of an automatic titrator (Radiometer TTT2) using IN 
Na_CO, to off-set the increase in acidity due to H production from nitric acid. 

In the second experiment, the effect of aeration on activated sludge 
was determined in relation to nitrification. The activated sludge units were 
treated as follows: 

(1) Control - 1000 mg/1 CaCO, - no aeration or mixing 

(2) 1000 mg/l CaCO, - aeration and mixing (bar magnet) 

(3) 1000 mg/1 CaCO, - mixing (bar magnet) only. 

A third experiment was set up to determine the nitrification pattern 
in activated sludge which was amended with nitrifier-enriched sludge. An 
activated sludge sample was enriched with nitrifying bacteria by adding 100 mg 
nitrogen/1 as (NH. )2 SO. and 80 mg nitrogen/I as NaCO-. CaCO, (1000 mg/1) was 
added to stabilize pH and the unit was sparged with air until nitrification was 
complete and no traces of ammonium or nitrite remained. This enriched sludge was 
stored at 't C for several days until used as seed. 

Six jars were made up containing 1000 mg/1 CaCO, and 2,^^00 ml of 
the ^:1 mixture of fresh activated sludge and effluent from the DAF unit. Four 
jars were seeded with 600 ml of the nitrifier-enriched sludge. Two of these jars 
were maintained as nitrifier-seeded controls and the other two were enriched with 
mineral nutrients as follows: K2HPO^, 1 g/l; MgSO^.yH^O, 0.5 g/1; CaCl^.ZH^O, O.l 
g/1; general purpose trace element solution (Hutner, 1972), I ml/I. Non-seeded 
control treatments consisted of two units, each containing 3000 ml of the k-A 
mixture of fresh activated sludge and DAF effluent, amended with 1000 mg/1 
CaCO,. All units were sparged with air at a flow rate of 150 ml/min. and stirred 
constantly as shown in Figure 1. 




TYGON TUBING 

ALUMINUM FOIL 
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AIR SPARGING ASSEMBLY 
TEFLON BAR MAGNET 

MAGNETIC STIRRER 



FIGURE 



Apparatus for btnch- scale experiments on activated sludge. 



Each jar was analyzed throughout the experimental period for 
populations of autotrophic nitrifying bacteria, Nitrosomonas and Nitrobacter , by a 
most probable number (MPN) procedure (Alexander & Clark, 1965). The broth 
medium* used for the enumeration of nitrifiers was basically the same as that 
recommended by Corke (personal communication). 

All inoculated MPN tubes and sterile controls were incubated for 'f 
weeks at 28 C. At the end of the incubation period, tubes containing Nitrosomonas 
medium were tested for ammonium oxidation to nitrite or nitrate by means of a 
spot plate test using diphenylamine reagent (Feigl and Anger, 1972); Nitrobacter 
broth was tested to detect evidence of nitrite oxidation to nitrate by a 
diphenylamine spot test after reduction of residual nitrite by sulfamic acid. The 
most probable number per ml was determined by recording the positive tubes and 
referring to statistical tables (Standard Methods, 1972). 

The following physical-chemical parameters were monitored on a 
daily basis: pH (Radiometer portable model 29 pH meter) and dissolved oxygen 
(model 5it oxygen meter, Yellow Springs Instrument Co.). The M.O.E. Water 
Quality Section conducted analyses on the samples for NH.+ -N, NOZ-N and NOZ-N 
by the autoanalyzer method. 



see appendix 
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RESULTS ; 

Data is presented in Figure 2 for experiments conducted in January 
and December of 197'*. Experiments repeated in June and September produced 
similar results. In the control unit which was not buffered, the NH. - N 
concentration declined from 100 mg/1 initially to 75 mg/1 after one day. No further 
decrease in NH^^-N concentration was observed after this time. The nitrate 
concentration in the control treatment increased sharply from 1 mg/1 initially to 2 5 
mg/1 after one day, then increased only gradually to 35 mg/1 at seven days. Over 
the first day interval, the pH declined markedly from 7.8 to below 6.0 because of 
H production. When the pH fell below 6.0, ammonium oxidation ceased. 

Addition of 1000 mg/1 CaCO- was the most effective treatment in 
obtaining complete oxidation of ammonium to nitrite. In units treated with 1000 
mg/i CaCO- (both in January and December), no ammonium remained after 2 days. 
The lower rate of CaCO^ application (500 mg/1) presented complete oxidation of all 
the ammonium. Virtually all of the original ammonium was completely oxidized to 
nitrate in the units treated with the higher level of CaCO,, in which the pH was 
stabilized above 6.0 throughout the course of the experiment. The pH in the units 
treated with 500 mg/1 CaCO, dropped to below 6.0 by the second day which 
coincided with a levelling off of ammonium disappearance. Since approximately 7 
mg of alkalinity as CaCO, is required to neutralize the H produced by oxidation 
of 1 mg NH.-*^N to NOaN, the 500 mg/1 CaCO^ addition was insufficient to 
neutralize the H generated by oxidation of the high ammonium concentration in 
the activated sludge. 

Only a slight amount of nitrite built up in the control units over the 
first few days, never exceeding 10 mg/1. However, when the units were neutralized 
with Na^CO^ or treated with 1000 mg/1 CaCO,, approximately 50 mg/1 nltrite-N 
accumulated by the first two days. Nitrite persisted longer during the December 
experiment compared to the experiment conducted in January. In the units 
stabilized with Na-CO- at a pH higher than control or CaCO, treatments, higher 
nitrite levels persisted longer. 
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Figure 2. Nitrification pattern of aerated activated sludge urvits receiving CaCO^and Na2C03to stotMlize pH. 
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It was also observed that activated sludge treated with 1000 mg/1 
CaCO, had a much clearer supernatant than the untreated control when each was 
allowed to settle. In this case, the Ca formed enhanced sludge flocculation and 
settling. 

As indicated in Table 1, populations of nitrifiers fluctuated in the 
plant system throughout the year. Both Nitrosomonats and Nitrobacter were 
virtually absent in the raw wastewater (DAF effluent), but the former group was 
found at consistently high concentrations in the order of 10 - 10 /ml in the 

biotreater activated sludge throughout 197'^. Counts of Nitrobacter in the 

2 
biotreater were generally below 10 /ml during the first half of the year, but 

<f 6 
increased by the October - December period to 10 - 10 /ml. 

In June, Nitrobacter was not detected in the biotreater or in the 
return sludge to the biotreater from the darifier, while the Nitrosomonas 
population was abundant in the biotreater (10 /ml) and in the return sludge 
(10^/ml). 

In the second experiment (Figure 3), no ammonium oxidation occurred 
even when CaCO, was added to stabilize pH if the units were not aerated or 
stirred. As nitrate increeised there was a concomitant drop in pH which was 
stabilized above 6.0 by the CaCO-. The most rapid oxidation of ammonium to 
nitrate occurred in the aerated and stirred unit; no ammonium being detected after 
two days. Populations of Nitrosomonas were above 10 /ml in all activated sludge 
units, but nitrification was blocked by the DO of > I mg/1 in the stagnant control 
(Table 2-b). With stirring and aeration, the DO was maintained above 6.5 mg/1. 
With stirring of the activated sludge alone, nitrification was incomplete and the DO 
did not increase to 3.7 until the fourth day. Mechanical mixing could not likely 
supply oxygen rapidly enough to satisfy the demand of the nitrifiers. 



TABLE 



CONCENTRATIONS OF NITRIFYING BACTERIA FOUND THROUGHOUT 
THE OAKVILLE REFINERY WASTEWATER TREATMENT SYSTEM 
ON VARIOUS OCCASIONS DURING 1974 









NITROSO- 


NITROBACTER 


LOCATION 


DATE 


1974 


MONAS 
MPN/ML 


MPN/ML 


D.A.F. EFFLUENT 


Jan. 


28 


1.1 X 10^ 


_ 




Feb. 


11 


<3 


<i 




June 


10 


2.4 X 10^ 


<i 




Nov. 


19 


<30 


14 


BIOTREATER 


Dec. 


11/73 


<3 X lo'* 
1.1 X 10^ 


<3 X 10^ 




Jan. 


14 


- 




Jan. 


28 


1.1 X 10^ 


- 




Feb. 


11 


1.1 X 10^ 


4 X 10'^ 




May 


9 


1.5 X 10^ 


<3 X 10^ 




June 


10 


2.8 X 10^ 


<30 




June 


18 


3.9 X 10^ 


<30 




July 


17 


1.1 X 10^ 


1.1 X 10^ 




Aug. 


1 


4.6 X 10^ 


4.6 X 10^ 




Oct. 


10 


4.6 X 10^ 


>1.1 X lO"^ 




Nov. 


19 


1.1 X 10^ 


2.5 X 10^ 




Dec. 


11 


4.6 X 10^ 


2.1 X 10^ 


RETURN 


Jan. 


28 


1.1 X lo'' 




SLUDGE 


June 


10 


2.4 X 10^ 


<3 X 10^ 


CLARrFIER 


Jan. 


28 


>1.1 X lo'* 


. 




June 


10 


9.3 X 10~^ 


<30 


AERATED 


July 


17 


1.1 X 10^ 


>1.1 X 10^ 


HOLDING POND 


Aug. 


1 


4.6 X lo"* 


1.1 X 10^ 




Oct. 


10 


1.1 X 10^ 


2.4 X 10^ 


NON -AERATED 


Feb. 


11 


1.1 X lo"* 


9.3 


HOLDING POND 


June 


10 


4.6 X 10^ 


<3 




Oct. 


10 


1.5 X 10"^ 


1.5 X 10"^ 
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Figure 3. Nitrification pattern of activated sludge units an^ervded with CaCO^ and receiving various degrees of aeration. 



TABLE 2 INITIAL CONCENTRATIONS OF NITRIFYING BACTERIA 

AND DISSOLVED OXYGEN 
IN ACTIVATED SLUDGE UNITS DURING EXPERIMENTS 



(a) Experiment #1 - Aerated activated sludge units receiving 

CaCOa and Na^COa treatments. 



TReAT«EOT 



CONTROL 

500 1119/1 CaCO, 

1000 109,/ 1 C»CO. 

DEC. 'Ti 

1000 mq/l CaCO, 

TirmTIOH c 

ll»:COi 



NPH/HL 
linitial) « (7 days) 



MPN/ML 
(Initial) 1 (7 daya) 



•3 K 10 

•9.3 K lo" 



7.3 « 10 
A. 3 « 10* 



(b) Experiment #2 - 



Activated sludge amended with CaCOa and 
receiving various degrees of aeration. 



Tm»TMKNT 


NiTJ«JSO«U»\S 


MITRfJa/VCTDH 


DlSSOLVElJ 


oxyijcN 


lm-.l.'-il 




nwi Ml, 

llnillall 


MPN ■ Ml. 
Unltall 


1 day ', 


i day^ 


A tktyn 


COWTKOL 


1 .1 K to'' 


- 


O.A 1 


0.9 


0,li 


STlIUIt«r. ONLY 


4.1. X 10^ 


- 


O.I 1 


0.1 


1.7 


STIRRina ASD 


«.f. X 10* 


- 


6.S , 


7.1 


7.4 



(c) Experiment # 3 



Activated sludge amended with CaCOa and 
seeded with nitrif ier-enriched sludge. 



TRg^WigiT 


NJTROSCmONAS 


NITROBACTER 




MPN/ML 
(initial) 


MPN/ML 
(initial) 


COSTROI, 


1.1 X lo'' 


2.4 X 10^ 


NITRIPIER- 
ENRICHED 


4.5 X 10* 


2. 1 X 10^ 


urrRiFiER- 

ENRICHED 

PLUS MIBERAt 

NUTaiENTS 


1.1 X lO*" 


1.1 X 10^ 


SEED 


2.3 X 10'' 


1.1 X lo' 



Note: DO was >6 mg/1 in all aerated units for experiments 
. #1 and #3. 
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The third experiment was conducted in December 197^^ when the 
population of both groups of nitrifiers in the fresh activated sludge from the 
biotreater was relatively high. As indicated in Table 2 (c), the numbers of 
Nitrosomonas and Nitrobacter in the activated sludge controls were 1.1 x 10 /ml 
and 2A X 10 /ml respectively. Both Nitrosomonas and Nitrobacter populations in 
the nitrifier-enriched sludge employed as seed were in the order of 10 /ml. 
Addition of the seed to enrich the activated sludge with nitrifiers increased the 
counts of Nitrobacter approximately ten-fold compared to the concentration in the 
fresh sludge. 

Figure 'f illustrates changes in inorganic nitrogen levels and pH which 
occurred in experimental activated sludge units treated with 1000 mg/1 CaCO,, 
aerated and seeded with nitrifier-enriched activated sludge. In all cases, the DO 
remained above 6 mg/1 throughout the experiment. All the ammonium was 
transformed within 11/2-2 days in the controls and the units seeded with nitrifiers 
and amended with mineral nutrients, there remained 50 mg/1 ammonium at two 
days and 28 mg/1 after seven days. Nitrite-N did not persist beyond two days in the 
nitrifier-enriched treatments. In the controls, nitrite-N peaked to 58 mg/1 at two 
days, and declined to 38 mg/i at four days. No trace of nitrite remained by seven 
days. Retardation of NH^ oxidation in the nutrient-amended sludge was most likely 
caused by the rapid drop in pH to below 5.5 within the first day. 
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Figure 4 . Nitrification pattern of aerated activated sludge units amended with CaC03 ond seeded with nHrifier -enriched sludge. 
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DISCUSSION AND CONCLUSIONS ; 

, If dissolved oxygen concentration and pH were adequately regulated, 
nitrification of nitrifier-suppressed activated sludge from the biotreater was 
markedly enhanced in experimental units. 

Rose and Gorringe (197'>) reporting on problems dealing with 
nitrification and oxygenation of activated sludge concluded that biological 
treatment was a feasible method of treating refinery effluent and that an extended 
aeration activated sludge system would be the most reliable process scheme for 
meeting desired effluent standards. These workers employed air spargers and 
mechanical mixing in the aerator unit to maintain the DO of the activated sludge 
at 2-^ mg/I. 

Bringmann (1961) studied nitrification rates in activated sludge aving 
a high ammonia concentration. He reported complete oxidation of 960 mg/1 of 
ammonia-N in activated sludge at a rate of 128 N/I per hour. The pH value of the 
mixed liquor was maintained above 7.3 by the daily addition of 9.5 g CaCO,/l 
activated sludge; addition of 1 g/l of ferrous sulphate also enhanced nitrifying 
capacity. 

Barker and Thompson (1973) observed nitrification rates in coke plant 
waste liquor of 150 mg N/1 per day. These workers found that a mixture of 
Na-CO, - Ca(OH)^ was the most practical chemical system to neutralize acidity 
and supply inorganic carbon for the metabolism of autotrophic nitrifiers. 

Hutton and La Rocca (1975) reported on biological treatment of 
concentrated ammonia wastewaters in a pilot plant. Control of aeration which was 
accomplished with diffuse air and mechanical agitation, and pH control were 
important. Nitrification was improved by using a surplus of sodium carbonate. 
Sodium or calcium hydroxides did not seem to satisfy the process requirements. 
The solids retention time of the activated sludge was very critical in achieving 
effective ammonia transformation, since the nitrifying bacteria have significantly 
slower growth rates than heterotrophic bacteria in the activated sludge process. 
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Calcium carbonate added to the refinery activated sludge at 1000 
mg/1 was more effective than the 500 mg/1 treatment in stabilizing pH and 
increasing the rate of nitrification. Without CaCO, treatment or constant pH 
control of the activated sludge with Na-CO,, ammonium persisted in the units 
(Figure 2). 

The beneficial influence of CaCO, to enhance growth of autotrophic 
nitrifiers has been reported by many other workers (Alexander, 1965; Barker and 
Thompson, 1973; Chan et al, 1963; Quastel and Scholefield, 1951; Lees, 1963). 
Nitrifier cells tend to adhere to the surface of CaCO, particles which provide the 
bacteria with the necessary buffering and inorganic carbon requirements. CaCO, 
may also reduce the toxic effects of heavy metals by chelating or precipitating 
toxic metal cations in the microenvironment where the nitrifying bacteria are 
absorbed. 

Air sparging of the refinery activated sludge in experimental test jars 
was necessary to achieve efficient and complete oxidation of the ammonium to 
nitrate within 2 days (Figure 3). In the actual refinery plant system, the DO of the 
activated sludge in the biotreater was 1 mg/1 (Table 3). Thus, purely mechanical 
aerators did not supply a sufficient oxygen concentration in the biotreater to 
support a rapid rate of nitrification. His observation is consistent with the report 
by Painter (1970) that the degree of nitrification was much lower in activated 
sludge plants maintained at a DO of >1 mg/1. 

McCarty and Haug (1971) and Wilson and Riddell (197^*) found that a 
minimum DO of 2-'f mg/1 must be present in the aeration basin for efficient 
nitrification to occur. 

The Water Pollution Research Lab, Stevenage, U.K. (1973 a ) 
described a fine bubble diffused air system to provide satisfactory 0_ requirements 
for all aerobic microorganisms in the mixed liquor of activated sludge plants. 
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TABLE 3 

CHEMICAL DATA OF OIL REFINERY WASTEWATER 

(Based on arithmetic mean of four samples taken in period January - April 197^* 

during normal plant operation) 



mg/1 



Chemical 
Parameter 


DAP Effluent 
(to Biotreater) 


Activated Sludge 
(Biotreater) 


Holding Ponds 
(Discharged effluent) 


Phenols 


3.5 


0.03 


0.03 


Sulfide 


1.5 


0.1 


0.1 


HCN 


0.19 


0.09 


0.01 


NH^-N 


120 


120 


110 


NO2-N 


0.5 


tt.5 


i^.G 


NO^-N 


0.7 


8.0 


9.0 


fe 


I.'* 


52.0 


0.25 


Cr 


0.38 


17.0 


0.12 


Gu 


0.05 


0.28 


0.05 


m 


0.08 


0.87 


0.08 


Zn 


0.15 


2.7 


0.09 


Cd 


0.01 


0.1 


0.02 


Pb 


.02 


0.38 


0.03 


As 


.01 


0.08 


- 


pH 


8.6 


7.8 


7A 


DO 


if.O - 5.0 


1.0 


8.0 



18 



The high nitrite-N levels observed in some cases when pH was 
controlled by addition of CaCO, or Na-CO, resulted from inhibition of Nitrobacter 
activity (Figure k). Although the population of Nitrobacter was significantly high 
(10 /ml) in the fresh biotreater activated sludge used in Exp. 3 (Table 1 c), nitrite- 
N accumulated in the experimental units unless enriched sludge containing a 
relatively high concentration of adapted nitrifier cells was added. The high 
population of uninhibited Nitrosomonas (10 cells/ml) turned over ammonia to 
nitrite at a high rate while the enzymatic activity of Nitrobacter (10 cells/ml) 
may have been inhibited by high ammonia concentrations at localized alkaline pH 
conditions or toxic inhibitors. As shown in Table 3, it was found that nitrite 
persisted in the biotreater mixed liquor and in the discharged effluent from the 
holding ponds in concentrations of 5 mg/1, although absent in the raw wastewater. 

High nitrite-N concentrations are undesirable in effluents, since 
nitrous acid is a potent mutagen and toxic to fish. Its presence in activated sludge 
might also result in the formation of carcinogenic nitrosamines (Holiaender, 1971). 

Possible nitrification inhibitors in the refinery wastewater include 
phenols, sulphide, cyanide, and heavy metals, The raw wastewater (DAF effluent) 
contained 3.5 mg/1 phenol, 1.5 mg/1 sulphide, and 0.19 mg/1 cyanide (Table 3). The 
biotreater activated sludge contained 0.1 mg/1 sulphide, 0.09 mg/1 cyanide and .03 
mg/1 phenol, and a relatively high content of chromium (17 mg/1) and zinc (2.7 
mg/1) with lower concentrations of lead, nickel and copper. 

Tomlinson et al (1966) ref>orted that hexavalent chromium was not 
very toxic to nitrifiers, 20 mg/1 chromium giving 30% inhibition, while the Water 
Pollution Research Lab (1973 b) reported that nickel and hexavalent chromium at 5 
mg/1 were especially toxic to nitrifiers in activated sludge. Growth of 
Nitrosomonais in pure cultures was completely inhibited by nickel or chromium at 
0.25 mg/1 and copper at 0.1 mg/1 (Loveless and Painter, 1968). 
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Hall (197'>) attributed the lower growth rate of Nitrosomonas in 
activated sludge to the presence of toxic industrial waste materials in sewage, i.e. 
thiocyanate and vanadium. Nitrification also ceased when pH fell to 6.3. 

Certain chemical have a greater inhibitory effect on nitrite oxidation 
than ammonia oxidation, e.g. iodide, borate, sodium salts of organic acids, 
nitrosamines, nitrourea, nitrophenols, p-nitroaniline, chlorate and cyanate (Butt and 
Less, 1960; Quastel and Scholefield, 1951). Stafford {1971*) found that pyridine and 
2-methylpyridine inhibited nitritite oxidation mainly, while 't-methylpyridine, 6- 
trichlormethylpyridine and phenol had a greater toxic effect on ammonia oxidation. 

Free ammonia is more toxic to Nitrobacter than to Nitrosomonas , and 
increases in concentration as the pH increases above 7 (Painter, 1970; Prakasam 
and Loehr, 1972). The toxicity of free ammonia to nitrite oxidizers at alkaline pH 
values has been reported by other workers (Alexander, 1965; Justice and Smith, 
1962). The pH of the activated sludge units titrated with Na-CO, ranged from 7M 
- 7.8, and localized alkaline conditions at the interface of the CaCO, particles, 
combined with high ammonium concentrations may have made conditions inimical 
to Nitrobacter . 

Landner and Larsen (1973) found high levels of nitrite in bottom 
waters of a Swedish Bay which had received large amounts of ammonia through 
industrial waste discharges. The very high Nitjpsomonas/Nitrobacter ratios found 
in the sediment were due to selective inhibition of nitrite oxidizers by some local 
pollution factor, e.g. cyanate, chlorate, or heavy metals. Hutton and LaRocca 
(1975) reported that zinc at low pH was toxic to the Nitrobacter population in 
activated sludge. 

As cells of Nitrosomonas adhere to CaCO, particles more than 
Nitrobacter cells (Lees, 1963), the former may be protected from the toxic effect 
of undisscociated nitrous acid by the alkaline microenvironment, while the 
Nitrobacter in the refinery activated sludge units may be inhibited by the 
undissociated nitrous acid at low pH. 
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Adaption of the sensitive autotrophic nitrifiers to toxic inhibitors 
present in coke plant waste liquor has been reported by Barker and Thompson (1973) 
and Cooper and Catchpole (1973). As Figure 4 indicates, no nitrite accumulation 
was observed when nitrifier-enriched sludge was added to the fresh activated 
sludge and the rate of nitrate formation was greater than the conttrol. This 
observation indicated that the Nitrobacter population was sufficiently high and 
adapted to the particular environmental conditions to oxidize all nitrite generated 
by Nitrosomonas without a lag period occurring. Both Nitrosomonas and 
Nitrobacter may lose their activity when starved of their energy substrates, 
ammonia and nitrite, respectively (Painter, 1970). In the refinery activated sludge, 
characterized by high ammonia concentrations and low nitrite and nitrate levels, 
Nitrosomonas would naturally be favoured for enrichment while the Nitrobacter 
energy supply was depleted. 

The addition of mineral nutrients to the nitrifier-enriched seed and 
the fresh activated sludge resulted in incomplete ammonia oxidation or nitrate 
formation. In this treatment, the pH fell to below 5.5 rapidly which inhibited 
nitrification. The high phosphate concentration in the nutrient-amended unit may 
have promoted the low pH. As Mattingly (1975) has reported, if phosphate ions are 
present in excess in solution, they are absorbed rapidly on the surface of CaCO- as 
a neutralizing agent and this may explain the pH drop. 

Because of the heterogeneous and complex chemical nature of the 
refinery wastewater, it is difficult to delineate a single substance which might be 
the cause of Nitrobacter toxicity. Despite the continuous presence of compounds 
toxic to nitrifying bacteria, e.g. cyanide, chromium, sulphide (Table 3), these 
bacteria demonstrated an ability to adapt to these inhibitors in activated sludge. 
The concentration of metals necessary to inhibit nitrification in activated sludge is 
much higher than those required to give the same effect in pure culture, since 
organic matter may chelate or precipitate toxic metal ions (Painter, 1970). 
However, a drop in pH may release previously insoluble heavy metals which 
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accumulate in mixed liquor suspended solids in concentration sufficient to be toxic, 
e.g. the chromium or other metals present in the activated sludge might have 
inhibited Nitrobacter cells which were free in solution to a greater extent than 
Nitrosomonas (absorbed on particles of CaCO,) as the bulk solution pH fell in the 
experimental units (Figure **). 

When CaCO, was added to experimental units of fresh activated 
sludge, nitrite-N accumulated since the non-acclimatized Nitrobacter population 
was metabolizing at a very low rate and could not oxidize all the nitrite generated 
by the Nitrosomoas population whose energy substrate was in relative abundance. 
Hence the enrichment process for Nitrobacter was necessary to prevent nitrite 
from building up. 

In the plant system, consistently high population levels of Nitroso- 
monas were maintained in the presence of abundant substrate by feeding back much 
of the cell biomass in the sludge returned from the clarifier. As Nitrobacter 
numbers were very low in the return sludge, it indicated that their growth in 
activated sludge was impaired or that loss of activity and death may have occurred 
during anaerobic sludge settling. 

Because Nitrosomonas cell concentrations were relatively high in the 
biotreater activated sludge, the failure to effect ammonia oxidation suggests that 
enzymatic activity rather than growth was suppressed, most likely by the very low 
DO of the activated sludge (< 1 mg/1). Experimentally, if the DO of the activated 
sludge was maintained above k- mg/l and the pH held in the range 6-8, then 
nitrification proceeded readily. 

A pilot plant effort would be required to resolve problems on a total 
plant scale, where the design of the system would need to be modified or changed 
to encompass compressed air sparging for improved aeration, pH control and 
increased sludge detention time of 2^-36 hours. If successfuU oxidation of 
ammonium to nitrate were achieved on this scale, then an anaerobic basin for 
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subsequent denitrification should be considered for nitrogen removal before 
discharge of effluent to receiving waters. This should be an important 
consideration for a new refinery settling up wastewater treatment facilities. 
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APPENDIX 

I, Nitrosomonas medium g/1 

(NH^)2SO^ 2.0 

K2HPOj^ 2.0 

NaCl 1.0 

MgSO^. 7H^O 1.0 

CaCl2- 2H2O 0.2 

♦Trace element solution , 1.0 ml 

CaCOj 1.0 

Distilled H^O 1000 ml 

Final pH 7 A - 7.5 after autoclaving at 121°C for 15' 

* General purpose trace element solution (Hutner, 1972) 



II. Nitrobacter medium g/1 

NaN02 0.25 

K2HPO^ 2.0 

NaCl 1.0 

MgSO^. 7H2O 1.0 

CaClj. 2H2O 0.2 

Trace element solution 1.0 ml 

Distilled H^O 1000 ml 

Final pH 7.7 - 7.8 after autoclaving at i21°C for 15' 



